The Podospora anserina PaMpk1 MAP kinase (MAPK) signalling pathway can generate a 
growth and differentiation phenotypes, suggesting overlapping roles. Our data underscore the complex regulation of a prion-like element in a model organism.
Introduction
MAP kinase (MAPK) modules are signalling devices used by all eukaryotes to signal various developmental programs or to respond to environmental stresses (WIDMANN et al. 1999) . They are composed of three kinases that sequentially phosphorylate their targets: a MAPKKK that phosphorylates one or several MAPKK(s), which in turn phosphorylate(s) one or several MAPK(s).
These latter kinases phosphorylate various cellular components, especially transcription factors, resulting in gene expression modification (GARRINGTON and JOHNSON 1999) . These MAPK modules are embedded in more complex regulatory networks, including other MAPK pathways (SAITO 2010), whose complexity is known to generate emergent properties that rule cellular behaviour (FERRELL et al. 2009; NEVES and IYENGAR 2002) . This includes bistability, memory, hysteresis and threshold responses. In some instances, the alternate states adopted by the cells are so stable that they can be transmitted through cell divisions, as exemplified by the Crippled Growth (CG) degeneration of the filamentous fungus Podospora anserina (reviewed in LALUCQUE et al. 2010) . This kind of regulatory inheritance is now suspected to plays an important role in various physiological processes, including tumour formation, cell differentiation and degeneration (BLAGOSKLONNY 2005; LALUCQUE et al. 2010 ), yet it is still poorly studied.
In filamentous fungi, MAPK are mostly studied for their involvement in the infectious process of plant pathogenic species (reviewed in ZHAO et al. 2007) and in model saprobes such as Aspergillus nidulans (BUSSINK and OSMANI 1999; KAWASAKI et al. 2002) and Neurospora crassa (FLEISSNER et al. 2009; MAERZ et al. 2008) or in the human pathogen A. fumigatus (MAY et al. 2005) . Through complete genome sequence analyses, three MAPK pathways have been characterized in most filamentous ascomycetes (RISPAIL et al. 2009; ZHAO et al. 2007) . One is orthologous to the MPK1 pathway involved in the control of the cell wall integrity in Saccharomyces cerevisiae, the other to the FUS3 pathway involved in the control of cell fusion during sexual reproduction and the third one to the HOG1 pathway regulating the response to high osmolarity. Unlike yeasts, in which many connections between the MAPK pathways have been described, little is known about the entire MAPK network and potential cross-talks in filamentous fungi. Indeed, comparative analyses of the MAPK pathways has been carried out only in Cochliobolus heterostrophus (IGBARIA et al. 2008) and N. crassa (MAERZ et al. 2008) , although inactivation of the three pathways has been performed in more fungi. Only in N. crassa was the complete inactivation set for the nine kinase genes reported, as in C. heterostrophus, only inactivation of the MAPK gene was achieved (IGBARIA et al. 2008) . Moreover, a double mutant inactivated for two MAPK, the MPK1-like and HOG1-like MAPK of C. heterostrophus, has been described (IGBARIA et al. 2008 ).
In P. anserina, we previously identified a MAPK pathway composed of the PaASK1 MAPKKK, the PaMKK1 MAPKK and the PaMpk1 MAPK, which appears to be able to generate C, a hereditary unit that has properties exhibited by prions. Especially, C spreads in the cytoplasm in an infectious manner (KICKA et al. 2006; KICKA and SILAR 2004; SILAR et al. 1999) . When present in dividing cells, C triggers the CG degenerative process, characterized by slower mycelium growth, higher accumulation of pigment and female sterility. However, unlike classical prions based on alternate conformations of proteins, the C hereditary unit seems to rely on the "ON" state of the PaMpk1 cascade. As described for the JNK cascade of Xenopus oocytes (BAGOWSKI and FERRELL 2001) , the PaMpk1 cascade would present a positive regulatory loop whereby a component downstream of the cascade up regulates an upstream component in trans (KICKA et al. 2006) . Therefore, once one molecule of the pathway is activated, the activation could spread to the other non-active molecules and lock them in the "ON" state. In this system, the hereditary unit would not be a protein with a particular conformation, but the activation status of the MAPK cascade, implying that any active component of the entire cascade could propagate the infectious activation process. Accordingly, the genetic control of this element is highly complex and depends on numerous genes (HAEDENS et al. 2005) . The PaMpk1 cascade normally signals stationary phase, because mutants of the cascade are unable to differentiate aerial hyphae, to accumulate pigments and to undergo sexual reproduction, which are three hallmarks of the P. anserina stationary phase (KICKA and SILAR 2004) . Activation of the cascade and thus the production of C is a normal part of P. anserina development during stationary phase. As a consequence, CG cultures can be easily recovered by incubating hyphae into stationary phase and replicating them onto fresh medium (SILAR et al. 1999) . Sustained activation of the cascade in the hyphae renewing growth results in the CG altered pattern of growth. Interestingly, other genes controlling CG appeared to be involved in the correct nuclear localization in the mycelium of PaMpk1 rather than its phosphorylation (JAMET-VIERNY et al. 2007; KICKA et al. 2006) . To date in no other fungus, was a process akin to CG detected. However, because CG of P. anserina is highly sensitive to nutrient conditions (HAEDENS et al. 2005) , it may remain undetected in other fungi.
Involvement of the PaMpk1 MAPK pathway was discovered through a traditional genetics approach, i.e., we identified mutants unable to develop CG (IDC mutants) and found that two of the mutated genes encode the MAPKKK and MAPKK of the cascade (KICKA et al. 2006; KICKA and SILAR 2004) . Reverse genetics showed that the PaMpk1 MAPK gene also controls CG (KICKA et al. 2006 ).
Here, we present a thorough analysis of the MAP kinases of P. anserina and investigate the roles of these kinases in the physiology of this fungus, especially with regard to CG. We show that another MAP kinase cascade, composed of PaTLK2 MAPKKK, PaMKK2 MAPKK and PaMpk2 MAPK is crucial at all stages of the P. anserina life cycle and for the development of CG, while the third cascade composed of PaHOK3, PaMKK3 and PaMpk3 is solely dedicated to signalling osmotolerance. Part of the phenotypes of PaMpk2 is possibly due to an indirect action on the PaMpk1 pathway. With the aim of uncovering redundant role of the MAPK, we constructed all combination of mutants lacking two or all three P. anserina MAPK kinases. The data showed an overlap in the activity of the kinases restricted to female gamete differentiation, branching and direction of apical growth. In addition, to being unable to present CG, strains devoid of all three MAPKs had a very limited repertoire of differentiation processes, although they normally mated as males and aged as wild-type strains.
Materials and Methods

Strains and growth conditions
All the strains used in this study derived from the "S" (big S) wild-type strain that was used for sequencing (ESPAGNE et al. 2008) . The genome sequence and EST derived from the S strain are available at http://podospora.igmors.u-psud.fr. The ∆PaMpk1, IDC 404 PaMKK1 and IDC 118 PaASK1 mutants have been previously described and differ from wild-type by a single mutation (KICKA et al. 2006; KICKA and SILAR 2004) , as do the pks1-193 mutants (COPPIN and SILAR 2007) . Construction of the ∆mus51::su8-1 strain lacking the mus-51 subunit of the complex involved in end-joining of broken DNA fragments was described previously (LAMBOU et al. 2008) . DNA integration in this strain proceeds almost exclusively by homologous recombination. Standard culture conditions, media and genetic methods for P. anserina have been described (RIZET and ENGELMANN 1949) and the most recent protocols can be accessed at http://podospora.igmors.u-psud.fr/more.html; the M2 minimal medium is a medium in which carbon is supplied as dextrin, and nitrogen as urea. Ascospores do not germinate on M2, thus germination is assayed with a specific G medium containing ammonium acetate. The methods used for nucleic acid extraction and manipulation have been described (AUSUBEL et al. 1987; LECELLIER and SILAR 1994) . Transformation of P. anserina protoplasts was carried out as described previously (BRYGOO and DEBUCHY 1985) .
Detection of MAPK genes in the P. anserina genome
The full complement of MAP kinases of P. anserina, including MAPK, MAPKK and MAPKKK, was determined by searching with BLAST (ALTSCHUL et al. 1990 ) the complete set of predicted P. anserina derive from all the corresponding genes except for PaASK1 that has been shown to be weakly expressed (KICKA and SILAR 2004) .
Deletions of the MAPK, MAPKK and MAPKKK genes
PaMpk2 was inactivated by replacing the PaMpk2 CDS with a hygromycin-resistance marker. The flanking regions of the PaMpk2 gene were amplified by PCR, using the primers fus3gauche and fus3G-sphI for the upstream sequence, and fus3D-notI and fus3droit for the downstream sequence ( PaMKK2 was inactivated by inserting through a single crossing-over event the entire pBChygro vector (SILAR 1995) into the DNA sequence corresponding to the catalytic domain of PaMKK2.
To this end, 500 bp of the catalytic domain of PaMKK2 were amplified with the primers MKK2A and MKK2B (Table S2 ). The resulting amplified product was cloned into pBC-hygro at the SmaI site to yield plasmid pDMKK2. This plasmid was introduced by transformation into the mus51::su8-1 strain.
Numerous hygromycin-resistant transformants displaying the same phenotypes as the ∆PaMpk2 mutants were obtained. One, ∆PaMKK2, was selected for further analyses and crossed with the wildtype strain. Progeny analyses showed co-segregation of resistance and the germination and mycelium phenotypes. This mutant was used in subsequent analyses.
To construct the deletion cassette of the entire coding sequence of PaTLK2, a nourseothricin (Table S2 ). The primers contained additional bases allowing fusion with the nourseothricin resistance marker (in lower cases in Table S2 ). This marker (nourseo) was amplified using the TLK2_Mk-2F and TLK2_Mk-3R primers from pBC-Nourseo, a plasmid containing the nourseothricin resistance cassette inserted at the XmnI site of pbluescript. In a second step, two amplification reactions were performed using the distal primers to obtain the fusion of two PCR products, the 5' region/nourseo and nourseo/3' region. The mixture of these two PCR products was used to transform a mus51::su8.1 strain. Numerous nourseothricin-resistant transformants were obtained thanks to three crossing-over events between the transformed PCR products and the P. anserina genome. Three transformants with a phenotype similar to ∆PaMpk2 were selected for further analyses. They were crossed with wild-type and homokaryotic nourseothricinresistant progeny was analyzed by Southern Blotting to confirm the deletion of PaTLK2 in the resistant progeny of the three candidates.
To construct the deletion cassette of the entire coding sequence of PaMpk3, a 1804 bp-long PaMpk3 5' non coding fragment was PCR-amplified using primers HOG1AML and HOG1AMR (Table S2) , along with a 1827 bp-long PaMpk3 3' non coding fragment using primers HOG1VML and HOG1VMR (Table S2 ). Both fragments were cloned into the pGEMT vector (Promega). Because a SalI site and an ApaI site were present in HOG1AML and HOG1AMR respectively, the corresponding 5' non-coding fragment was released from the pGEMT vector by performing a SalI/ApaI double digestion. A NotI site in HOG1AML and a SalI one in HOG1VMR allowed the release from the pGEMT vector of the corresponding 3' non coding fragment. These two fragments were ligated with the pBChygro plasmid (SILAR 1995) previously hydrolysed with the ApaI and NotI enzymes. This generated the p∆PaNox3 plasmid. P. anserina transformation was performed using the p∆PaNox3 plasmid previously linearized at the unique SalI site to generate homologous recombination ends. 79
hygromycin-B resistant transformants were obtained and 3 of them showing the same growth defect in osmotic-rich medium were selected for further analyses. After purification of the primary transformants by appropriate crossing, their genomic DNA was extracted and deletion of PaMpk3 was confirmed by PCR and Southern-blot analyses.
To delete PaMKK3, a 530 bp-long PaMKK3 5' non coding fragment was PCR-amplified using primers M3K2GF and M3K2GR (Table S2) , as well as a 516 bp-long PaMKK3 3' non coding fragment using primers M3K2DF and M3K2DR (Table S2 ). Both fragments were cloned into the pGEMT vector.
Because an EcoRV site and a XbaI site were present in M3K2GF and M3K2GR respectively, the corresponding 5' non-coding fragment was released from the pGEMT vector by performing a EcoRV/XbaI double digestion and cloned into the pBC-hygro plasmid at the corresponding sites. A XhoI site in M3K2DF and an EcoRV one in M3K2DR allowed the release from the pGEMT vector of the corresponding 3' non coding fragment, which was then cloned at the XhoI/EcoRV sites into the plasmid harbouring the PaMkk3 5'-non-coding fragment, generating the p∆PaMkk3 plasmid.
Transformation of the P. anserina ∆mus51::su8-1, pks1-193 strain (Lambou et al., 2008) was performed using p∆PaMkk3 plasmid previously linearized at the unique EcoRV site to generate homologous recombination ends. Three hygromycine B-resistant transformants were selected for further analyses. All three transformants showed a similar phenotype as the PaMpk3 mutants. After appropriate crosses, both the ∆mus51::su8-1 and the pks1-193 mutant alleles segregated from the ∆PaMkk3 allele. DNA was extracted from these three purified transformants to confirm the deletion of the PaMkk3 gene using PCR and Southern-blot analyses.
To delete PaHOK3 a 492 bp-long PaHok3 5' non coding fragment was PCR-amplified using primers HOK3GF and HOK3GR (Table S2) , as well as a 648 bp-long PaHOK3 3' non coding fragment using primers HOK3DF and HOK3DR (Table S2 ). Both fragments were cloned into pGEMT vector.
Because an EcoRV site and a XbaI site were present in HOK3GF and HOK3GR respectively, the corresponding 5' non-coding fragment was released from the pGEMT vector by performing an
EcoRV/XbaI double digestion and cloned into the pBC-hygro plasmid at the corresponding sites. A XhoI site in HOK3DF and an EcoRV site in HOK3DR allowed the release from the pGEMT vector of the corresponding 3' non coding fragment, which was then cloned at the XhoI/EcoRV sites in the plasmid harbouring the PaHOK3 5'-non-coding fragment, generating the p∆PaHok3 plasmid.
Transformation of the P. anserina ∆mus51::su8-1, pks1-193 strain (Lambou et al., 2008) was performed using the p∆PaHok3 plasmid previously linearized at the unique EcoRV site to generate homologous recombination ends. Three hygromycine B-resistant transformants were selected for further analyses. All three transformants showed a phenotype similar to the PaMpk3 mutants. After appropriate crosses, both the ∆mus51::su8-1 and the pks1-193 mutant alleles segregated away from the ∆PaHOK3 allele. DNA was extracted from these three purified transformants to confirm the deletion of the PaHOK3 gene using PCR and Southern-blot analyses.
Complementation of ∆ ∆ ∆ ∆PaMpk2 and creation of constitutive mutants
The PaMpk2 gene including its own promoter was amplified by PCR using the primers Mpk2_for and Mpk2_rev (Table S2 ) and cloned into the pGEMT vector. The resulting plasmid was introduced with the pBC-phleo vector by co-transformation into a ∆PaMpk2 mutant strain. The phenotype of 36
phleomycin-resistant transformants was tested, 18 of them presented aerial hyphae and pigmentation as did the wild-type. Four were crossed with wild-type. Progeny analyses revealed that the transgene had integrated in an ectopic locus and complemented all the defects of the ∆PaMpk2 mutant strain in the four transformants.
Directed mutagenesis was used to change the S 210 IADT 214 (SXXXT) motif in MKK2 into a phospho-mimetic DXXXD motif. To this end, a PCR reaction was performed using primers
MKK2_GF_CH1_for and MKK2_GF_CH1_rev and plasmid pBC-phleo (SILAR 1995) containing the PaMKK2 gene as template. After DpnI digestion to eliminate the original plasmid, bacteria were transformed with the reaction product. Candidate plasmids carrying the mutant MKK2 allele were recovered and confirmed by sequencing. The plasmid was then introduced by transformation into a ∆PaMKK2 mutant strain and several phleomycin-resistant transformants were obtained. Candidates were analysed by crossing with wild-type. Partial or complete complementation of the germination defect of the ∆PaMKK2 mutant was observed for the two transformants used in the present study, indicating that they were expressed. As control, a wild-type PaMKK2 allele was introduced by transformation into the ∆PaMKK2 mutants.
Construction of P. anserina mutants devoid of three MAP kinase genes
The ∆PaMpk3 mutant was first crossed as female with the ∆PaMpk1 and ∆PaMpk2 mutants. In the progeny of the crosses, double ∆PaMpk1 ∆PaMpk3 and ∆PaMpk2 ∆PaMpk3 mutants were recovered as having the mycelium phenotype of ∆PaMpk1 and ∆PaMpk2 respectively, and the osmosensitivity of ∆PaMpk3. To construct the double ∆PaMpk1 ∆PaMpk2 mutants, advantage was taken of the fact that heterokaryotic ∆mat/∆PaMpk1 strains are fertile as females (JAMET-VIERNY et al. 2007) , unlike the ∆PaMpk1 and ∆PaMpk2 mutants. Because the ∆mat nuclei are unable to engage in fertilization, crossing ∆mat/∆PaMpk1 as female with ∆PaMpk2 yielded a progeny with double mutants. To circumvent the fact that ∆PaMpk2 naturally-pigmented ascospores do not germinate, the cross was set up on plates containing tricyclazole, an inhibitor of melanin biosynthesis (COPPIN and SILAR 2007) .
Unpigmented ascospores germinated efficiently and the double ∆PaMpk1 ∆PaMpk2 mutants were identified by crossing candidates with wild-type and observing the segregation of the single mutants in the progeny. The triple ∆PaMpk1 ∆PaMpk2 ∆PaMpk3 mutants were constructed using the same scheme as above but with heterokaryotic ∆mat/∆PaMpk1 ∆PaMpk3 strains as female and ∆PaMpk2 ∆PaMpk3 as males. Because it was the first recovery of a eukaryote lacking all its MAPK, the genotype of the triple ∆PaMpk1 ∆PaMpk2 ∆PaMpk3 mutants were also verified by back-crossing the mutants with wild-type and observing segregation of the three mutations in the progeny.
Phenotypic analysis
CG was assayed both as described (SILAR et al. 1999 ) and according to the following protocol. The strains to be tested were inoculated at the edge of M2 Petri plates. After six days of growth, the resulting cultures were sliced from the growing edge to the inoculation point every millimetre. Slices were then transferred onto fresh plates containing either M2 or M2 supplemented with 5 g/l of yeast extract. Slices were deposited in such a way that the aerial and submerged parts of the culture could give birth to new hyphae. Because C, the hereditary unit responsible for CG is induced in stationary phase, the area of the slices corresponding to the inoculation point regenerated a CG mycelium, while the part corresponding to the growing edge regenerated a Normal Growing (NG) mycelium, yielding a mosaic culture (Figure 1 ). CG developed on M2 + yeast extract and not on M2 as described (HAEDENS et al. 2005) .
Anastomosis was assayed as described (KICKA and SILAR 2004) . Briefly, strains carrying the investigated allele and either leu1-1 or lys2-1 were constructed and the ability of these strains to form a prototrophic mycelium was assayed on M2 minimal medium. Branching was observed as described (ARNAISE et al. 2001 ) and differentiation of appressorium-like structures was observed as reported (BRUN et al. 2009 ). Efficiency of cellulose degradation was measured as in (BRUN et al. 2009 ), longevity as in (SILAR and PICARD 1994) and fertility as in (RIZET and ENGELMANN 1949) . Hyphal interference including peroxide production and cell death was assayed as described (SILAR 2005) , and DAB (diaminobenzidine) and NBT (nitroblue tetrazolium) staining to detect production of superoxides and peroxides, respectively, as in (MALAGNAC et al. 2004) .
Western blot analysis
Phosphorylation of PaMpk1 and PaMpk2 was evaluated as described (KICKA et al. 2006) . For mycelium assays, the mycelium was recovered after 48 h of growth on M2 petri dishes covered with a cellophane layer. At this time, the mycelium formed a disk of about 4 cm in diameter. The mycelium was totally collected or as three concentric samples corresponding to 1, 2 and 3 days of growth.
Proteins were then extracted as indicated previously (KICKA et al. 2006) . Ascospores were collected overnight on cellophane overlaying a medium containing agar, NaCl (10 g/l) and sterile water. Noninduced spores were stored in liquid nitrogen, while spores to be induced were transferred along with the cellophane on G medium for 2 h. Perithecia were obtained at the confrontation lines between mat+ and mat-strains. Three days after inoculation, fertilization proceeded at the confrontation lines.
Developing perithecia were collected 2 and 4 days later by scraping them from the cross plates. To extract proteins from ascospores and perithecia, the samples were frozen with a steal bead in liquid nitrogen and crushed by shaking in a Micro-Dismembrator (Sartorius) at 2600 rpm for 90 seconds.
After adding loading buffer, the samples were incubated at 100°C for 5 minutes, centrifuged and the resulting supernatants were stored at -20°C.
Microscopy
Mycelia were grown directly on a slide covered with a thin M2 medium layer. Mounting was performed in water supplemented with 0.5 µg/ml of DAPI. Pictures were taken with a Leica DMIRE 2 microscope coupled with a 10-MHz Cool SNAP HQ charge-coupled device camera (Roper Instruments). They were analyzed with ImageJ. The GFP filter was the GFP-3035B from Semrock (Ex: 472nm/30, dichroïc: 495nm, Em: 520nm/35).
Results
The PaMpk2 pathway is the major MAPK cascade controlling development in P. anserina
The entire set of MAPK, MAPKK and MAPKKK was searched in the P. anserina genome sequence (Table S1 ). In addition to the PaMpk1 pathway, two additional, complete and expressed MAPK pathways were found. One is related to the S. cerevisiae STE11 -Ste7 -FUS3 cascade and is composed of PaTLK2 (MAPKKK), PaMKK2 (MAPKK) and PaMpk2 (MAPK). The other is related to the SSK2/22 -Pbs2 -Hog1 cascade and is formed by PaHOK3 (MAPKKK), PaMKK3 (MAPKK) and PaMpk3 (MAPK). To investigate the role of these cascades, the six genes were inactivated (see MATERIALS AND METHODS) and the phenotypes of the mutants were examined (see Fig.S1 for the phenotypes that may be studied in P. anserina and Table 1 for a summary of the phenotypes observed).
First, as for the PaMpk1 pathway, the MAPK, MAPKK and MAPKKK mutants exhibited the same phenotypes, indicating that the PaMpk2 and PaMpk3 pathways are not branched, at least in the conditions investigated here (Fig. 1, Table 1 ). Second, the PaMpk3 pathway had no role in any developmental process of P. anserina in laboratory conditions. Its role appeared restricted to osmotolerance and resistance to antifungal compounds (Table 1 and Table S3 ), hence the name of the PaHOK3 MAPKKK (Hyper-Osmolarity Kinase). Third, the PaMpk2 pathway appeared to be the major regulator of P. anserina development, since ascospores, mycelia and fruiting bodies were affected in the mutants of this pathway ( 
Mycelium growth and differentiation in the MAPK mutants
Vegetative growth of ∆PaMpk2 mycelia proceeded at the same speed as wild-type mycelia and branching at the growing edge was normal. However, several features occurring beyond the growing edge were altered. First, hyphal fusion (anastomosis) was impaired in ∆PaMpk2. This was detected by the inability of ∆PaMpk2 to form prototrophic heterokaryotic mycelia from auxotrophic homokaryotic mycelia. Anastomosis was completely abolished in homozygous assays of ∆PaMpk2 mutants and occurred very infrequently in heterozygous assays with wild-type. This is different from what occurs in the PaMpk1 mutants, as these latter mutants normally engage in anastomosis in heterozygous confrontations and are only partially impaired in homozygous confrontations (KICKA and SILAR 2004) .
As expected of mutants unable to engage anastomoses, the ∆PaMpk2 mutants did not accumulate dead cells at the contact point with an incompatible strain (the "s" (small s) strain was used as tester;
RIZET 1952). Interestingly, the ∆PaMpk1 mutants also did not accumulate dead cells at the contact with the "small s" strain. Since they were able to engage in anastomosis, later stages of the incompatibility reaction were impaired in these mutants.
Unlike the PaMpk1 and PaMpk3 mutants, the PaMpk2 mutants were unable to correctly differentiate the appressorium-like structures that enable P. anserina to penetrate cellophane (BRUN et al. 2009 ). As seen on Fig. S2 , the mycelium of ∆PaMpk2 could reorient its growth towards cellophane and to produce swellings, but failed to produce the needle-like hyphae that penetrate the substrate.
This was accompanied by a strong decrease in the capacity of the mutant to degrade cellulose, as the mutants degraded half the cellulose degraded by the wild-type in seven days (Table S4) . Interestingly, while able to differentiate appressorium-like structures, the ∆PaMpk1, but not the ∆PaMpk3 mutants, also presented a diminished ability to degrade cellulose (Table S4 ).
Senescence and longevity were not affected in the ∆PaMpk2 mutants (as in the case of the other MAPK mutants, Table 1 ). Additionally, the ∆PaMpk2 mutants had an abnormal pattern of staining with DAB and NBT that are supposed to measure accumulation of peroxides and superoxides, respectively ( Fig. S3 ) (MUNKRES 1990) . This shows that mycelium redox activities are modified in the ∆PaMpk2 mutants as in the ∆PaMpk1 mutants (MALAGNAC et al. 2004) , and is in line with their impaired ability to degrade cellulose as redox activities are known to be involved in the degradation of this polysaccharide (MOREL et al. 2009 ). Unlike the ∆PaMpk1 mutants, the ∆PaMpk2 mutants were slightly affected in Hyphal Interference, a defence mechanism exerted by P. anserina when it encounters another filamentous fungus (SILAR 2005) . This process is associated with an oxidative burst at the confrontation with the contestant. Moreover, when P. anserina encounters Penicillium chrysogenum, it kills its hyphae upon contact. While Hyphal Inteference is completely abolished in the PaMpk1 mutants ( Fig. S4 and SILAR 2005) , it is only partially impaired in the PaMpk2 mutants and not at all in the PaMpk3 mutants ( Fig. S4 and Table 1 ).
Because MAPK are known to signal not only development but also stress responses, resistance to various stresses and drugs was assayed (Table S3) . If the Mpk3 pathway is clearly devoted to osmotic stress response in P. anserina, neither the Mpk1 nor the Mpk2 cascades have stress responses as their primary role. Most noticeable was the resistance of the ∆PaMpk2 mutants to cell-wall stresses. This outcome indicates that the cell walls of these mutants may have original properties, which remain to be characterized.
Finally, the same four hallmarks of stationary phase in P. anserina also affected in the ∆PaMpk1 mutants were altered in the ∆PaMpk2 mutants ( Fig. 1 only few abnormal-looking perithecia were produced. This is unlike the ∆PaMpk1 mat+/∆PaMpk1 mat-/∆mat mosaics that produce numerous mature fruiting bodies (JAMET-VIERNY et al. 2007 ). However, because true heterokaryotic mosaic needs anastomosis to form and because the ∆PaMpk2 mutants were unable to undergo anastomosis, these mosaics may not be completely informative. We thus constructed a true ∆PaMpk2 mat-/∆mat heterokaryon following a protocol described for N. crassa (PANDEY et al. 2004 ). In such an heterokaryon, only PaMpk2 mat-nuclei can engage into fertilization, permitting to test if PaMpk2 is required for fertilization and for the subsequent steps of sexual reproduction. To this end, the method of heterokaryon formation designed for N. crassa was adapted to P. anserina (PANDEY et al. 2004 ). ∆PaMpk2 leu1-1 mat-and lys2-1 ∆mat were mixed together in the presence of limiting amounts of lysine and leucine. True heterokaryons carrying nuclei from both strains were formed a few days later, likely through very rare cell fusion events different from anastomoses, and could be detected by their prolific growth on minimal medium. These were used as female partners in crosses with mat+ wild-type or the ∆PaMpk2 mat+ mutants as males. In both cases, a few perithecia that matured and ejected ascospores were obtained (Fig. S5 ). This indicates that PaMpk2 is not required for fertilization, the dikaryotic stage, meiosis and ascospore differentiation.
However, in addition to normal-looking perithecia, numerous abnormally-shaped perithecia were observed (Fig. S5 ), suggesting that development was impaired even in the heterokaryon. Hence the defect of the ∆PaMpk2 mutants was most likely a combination of defects associated with the lack of PaMpk1 activity and the absence of anastomosis. This later defect could account for the lack of perithecium production in mosaics with ∆mat and the partial rescue of fruiting body production in true heterokaryons. Anastomosis impairment of the mycelium is supported by the fact that grafted wild-type fruiting bodies onto ∆PaMpk2 mycelia did not mature, unlike what was observed when they were grafted onto wild-type mycelia (SILAR 2011).
Lack of CG in the ∆ ∆ ∆ ∆PaMpk2 mutants
As seen in Fig. 1 , CG was not induced after passage into the stationary phase in mutants of the PaMpk2 pathway like those of the PaMpk1 cascade (KICKA et al. 2006; KICKA and SILAR 2004) . Since the ∆PaMpk2 hyphae were unable to efficiently fuse with other hyphae, even wild-type hyphae, we could not directly test whether the lack of CG in the ∆PaMpk2 mutants was due to the inability of the mutants to make C, to propagate C or whether it was merely due to a masking of its effects on cell physiology. Indeed, these possibilities must be assayed by transfer of cytoplasm from donor to recipient thallus and hence require cell fusion (KICKA et al. 2006; KICKA and SILAR 2004) . The effect of the ∆PaMpk2 mutation on the functioning of the PaMpk1 pathway was thus measured by immunoblotting with specific antibodies.
Phosphorylation of PaMpk1 and PaMpk2 are independent
To investigate whether PaMpk2 is necessary for the phosphorylation of PaMpK1, the phosphorylation of PaMpk1 in the ∆PaMpk2 mutant was measured. Both MAPK were recognized by the same antip44/p42 and anti-phospho-p44/p42 antibodies (Fig. 2) . As a first step, the phosphorylation of both PaMpk1 and PaMpk2 was evaluated throughout the life cycle in the wild-type strain. Both MAPK were present and phosphorylated in 1, 2 and 3 day-old mycelia ( Fig. 2 ). They were also present and phosphorylated in developing fruiting bodies (perithecia). PaMpk1 and PaMpk2 were detected in ascospores. Neither MAPK was phosphorylated in non-induced ascospores. However, intense phosphorylation of PaMpk2 was detected in ascospores triggered to germinate, in agreement with its role during germination (Fig. 2) . To address the possibility that PaMpk2 acts downstream of PaNox2 and PaPls1, phosphorylation of PaMpk2 was measured in the ∆PaNox2 and ∆PaPls1 mutant ascospores (Fig. S6 ). PaMpk2 was phosphorylated in both mutants to the same extent as in wild-type,
showing that PaNox2 and PaPls1 do not act upstream of PaMpk2 during germination.
As seen in Hence, the PaMpk2 pathway was not required for PaMpk1 phosphorylation and vice versa.
Constitutive mutants show that PaMpk2 is not part of the C hereditary unit
To determine whether the PaMpk2 pathway is an integral part of C or merely controls its production, mutants expressing a constitutive allele of PaMKK2, PaMKK2 c were constructed (PAGES et al. 1994; SHIOZAKI et al. 1998) . To this end, the S 210 IADT 214 site of PaMKK2 was mutated in vitro to DIADD, and the mutant allele was introduced into ∆PaMKK2 by transformation with a phleomycin-resistance gene as marker (see MATERIALS AND METHODS). When crossed with wild-type strains of opposite mating type, several phleomycin-resistant transformants produced ascospores capable of germinating on non-inducing medium, such as M2 (Fig. 4A ). This phenotype co-segregated with resistance to phleomycin, which was expected if the PaMpk2 pathway was constitutively activated by the PaMKK2 c allele. To confirm this assertion, PaMpk2 and PaMpk1 phosphorylation was monitored in ascospores.
As seen in Fig. 4B , PaMpk2 was indeed phosphorylated in the non-induced ascospores carrying PaMKK2 c , but not in wild-type ascospores. PaMpk1 remained non-phosphorylated confirming that its phosphorylation does not rely on PaMpk2.
Two transformants expressing constitutive PaMKK2 were selected for further studies. After crossing both with wild-type, strains containing PaMKK2 c in association with a wild-type PaMKK2 + allele were recovered in the progeny. They exhibited phenotypes similar to the ∆PaMKK2 PaMKK2 c mutants. First, in addition to having ascospores germinating without induction, they possessed a mycelium with very few aerial hyphae. Their fertility was severely impaired (Fig. 4C) . However, heterokaryon tests showed that anastomosis formation was not affected in these strains. Moreover, they normally differentiated appressorium-like structures. Unlike what is expected if the PaMpk2 cascade were part of C, PaMKK2 c strains did not exhibit constitutive CG, but on the contrary were slightly impaired in their ability to develop CG on M2 supplemented with yeast extract (Fig. 4D) .
Intriguingly, phosphorylation of PaMpk2 (and PaMpk1) was not increased in mycelia of PaMKK2 c strains, suggesting that the overall PaMpk2 phosphorylation level was tightly regulated in mycelia, possibly by unidentified phosphatases (Fig. 4E) . 
PaMpk2 inactivation causes abnormal cell morphology in stationary phase and impairs
PaMpk1 nuclear localization
In previous studies (JAMET-VIERNY et al. 2007; KICKA et al. 2006) , we observed that correct nuclear localization of PaMpk1 is important for the activity of the cascade and for CG. ∆PaMpk2 and PaMKK2 c strains carrying a transgene expressing PaMpk1-GFP were obtained by crossing the ∆PaMpk2 and PaMKK2 c mutants with a strain carrying a PaMpk1-GFP transgene, which was functional because it could complement the defects of the ∆PaMpk1 mutants (KICKA et al. 2006) . The apical hyphae of these strains appeared normal, and PaMpk1-GFP exhibited the same diffuse localization as the wildtype strain (Fig. S7) . As previously reported (KICKA et al. 2006) , 10-20% of the wild-type nuclei accumulated PaMpk1-GFP during the stationary phase (Fig. 5) . Natural fluorescence in wild-type hyphae was not an issue because focalization of GFP in nuclei generated a signal clearly above the background level. On the contrary, we could not be entirely sure of the localization of PaMpk1 in the mutants because GFP fluorescence was masked by the natural fluorescence of the mutant hyphae.
However, nuclear accumulation in the ∆PaMpk2 and the PaMKK2 c mutants was never observed.
Moreover, many stationary phase hyphae of ∆PaMpk2 presented profound morphological alterations (Fig. 5) , suggesting that the physiology of the ∆PaMpk2 mutants was severely altered.
Life without MAPK
Because P. anserina crosses were easily performed, the availability of the single MAPK mutants served to construct the double and triple MAPK mutants (see MATERIALS AND METHODS, Table 1 ).
The double and triple mutants were viable and presented a combination of the phenotypes of the single mutants (Table 1) . Surprisingly, despite severe physiological alteration, senescence (MARCOU 1961) was not modified even in the triple mutant. However, the ∆PaMpk1 ∆PaMpk2 and the ∆PaMpk1 ∆PaMpk2 ∆PaMpk3 mutants grew slightly more slowly than wild-type and did not differentiate ascogonia. Slow growth was correlated with a defect in branching and direction of apical growth (Fig.   6 ). Indeed, while the single MAPK mutants had a regular pattern of outward-growing hyphae as wildtype, the ∆PaMpk1 ∆PaMpk2 double and ∆PaMpk1 ∆PaMpk2 ∆PaMpk3 triple mutants presented irregular branching, some hyphae were curved and did not grow outwardly, especially in the triple mutant. Interestingly, the triple mutant was able to differentiate male gametes and could thus be crossed with female-fertile strains with success.
Dicussion
Because of its interesting prion-like properties, we investigated the genetic determinants that lead to the formation of the MAPK-based non-conventional hereditary unit C of P. anserina (SILAR et al. 1999) . Through a forward genetic screen, the PaMpk1 MAP kinase cascade was previously identified as a key player in C formation (KICKA et al. 2006; KICKA and SILAR 2004) . Here, using a reverse genetic approach, we investigated the roles of the two other MAPK pathways present in this fungus in the formation of C, but also in the other developmental processes, including sexual reproduction, since the formation of C is tightly correlated with the ability to complete sexual reproduction (KICKA and SILAR 2004) . The data obtained in N. crassa and C. heterostrophus suggest that connections between the MAPK cascades may exist in filamentous fungi (IGBARIA et al. 2008; MAERZ et al. 2008) . Our results show that (1) as in N. crassa (MAERZ et al. 2008) , the MAPK pathways are not branched in P. anserina, since mutants of the MAPK, MAPKK and MAPKKK genes exhibit the same phenotype, (2) the PaMpk2 cascade has major developmental roles, (3) the PaMpk3 pathway function is restricted to osmotolerance. This is unlike many other filamentous fungi, in which this cascade often plays major roles not only in osmoresistance and resistance of antifungal compounds, but also during development (ZHAO et al. 2007) . Such a preeminent role of the orthologous mak-2 cascade has also been demonstrated in N. crassa (MAERZ et al. 2008; PANDEY et al. 2004) . However, mutants of the N. crassa os-2 MAPK gene orthologous to PaMpk3 are sterile (MAERZ et al. 2008) .
It was observed that the N. crassa cascades orthologous to the PaMpk1 and PaMpk2 pathways are linked since they share similar phenotypes (MAERZ et al. 2008) . Similarly, in C.
heterostrophus these two pathways control the same developmental processes and regulate the expression of the same genes (IGBARIA et al. 2008) . Here, we provide further evidence of such a link between the two pathways. Indeed, lack of CG and the other defect observed during stationary phase in the mutants of the PaMpk2 cascade are probably due to improper activation of PaMpk1 that is not caused by a defect in phosphorylation. That phosphorylation of PaMpk1 occurs independently of PaMpk2 and reciprocally, was also observed in C. heterostrophus (IGBARIA et al. 2008) . Based on cytological observations, it appears that hyphae lacking or harbouring a constitutive PaMpk2 do not differentiate properly, resulting in a defect in PaMpk1 activation, as seen by its mislocalization. We thus propose that this is a typical case of developmental epistasis, in which correct activity of PaMpk2 prior to that of PaMpk1 is necessary for proper hyphal differentiation and subsequent functioning of PaMpk1. This epistasis may stem from several causes, including the inability to correctly express the machinery required to translocate PaMpk1 into the nucleus or an incorrect trafficking inside the hyphal network due to the lack of anastomosis.
Intriguingly, while the expected effect of PaMKK2 constitutive activation during germination was visible, i.e., constitutive ascospore germination on non-inducing media correlated with constitutive phosphorylation of PaMpk2 in ascospores, no increased PaMpk2 phosphorylation was detected in mycelia. Thus the overall phosphorylation level of PaMpk2 is presumably tightly regulated in hyphae, possibly by unidentified phosphatases. A factor regulating PaMpk1 activity was also identified based on mutant analyses (HAEDENS et al. 2005; SILAR et al. 1999) . The data also showed that the constitutive mutants exhibited a phenotype resembling inactivation of PaMpk1. Indeed, while appressorium-like differentiation and anastomoses are normal, the constitutive mutants lack aerial hyphae, pigments and are female sterile, which are the phenotypes shared by PaMpk1 and PaMpk2 mutants. This confirms our proposal that correct activity of PaMpk2 is required for PaMpk1 function.
The double mps1 hog1 MAPK mutant of C. heterostrophus displayed the hypersensitivity to hyperosmotic stress of the hog1 mutant as well as the pigmentation and autolysis defect of the mps1 mutant (IGBARIA et al. 2008) . In P. anserina, the corresponding double mutant ∆PaMpk1 ∆PaMpk3 also exhibited the osmotic defect of ∆PaMpk3 and the developmental defects of ∆PaMpk1. Analyses of the other double mutants showed that they also combine the defect of the corresponding single mutants. However, additional defects during female gamete differentiation, branching and direction of apical growth are seen in the double ∆PaMpk1 ∆PaMpk2 and the triple ∆PaMpk1 ∆PaMpk2 ∆PaMpk3
mutants, indicating redundancy in MAPK functions. Therefore, the three MAPK regulate an overlapping set of factors and only inactivation of the three MAPK genes revealed the full set of developmental processes they control. P. anserina devoid of its MAPK is thus a mere assembly of cells unable to differentiate most of the structures that enable them to adapt to their surroundings and reproduce efficiently.
In P. anserina, the life cycle may now be described according to the roles of the MAP kinases and in connection with the other known factors involved. During ascospore germination, only PaMpk2 is required, possibly in association with the PaNox2 NADPH oxidase and PaPls1 tetraspanin (LAMBOU et al. 2008; MALAGNAC et al. 2004) . Indeed, mutants of the three genes exhibit the same germination defect, which is alleviated by removal of melanin. Phosphorylation of PaMpk2 is not abolished in the Despite severe defects, senescence was not affected in the MAPK mutants, even in the strain lacking all its MAPK. Because senescence is caused by a cytoplasmic and infectious factor (MARCOU 1961) , it is surprising that lack of anastomosis had no effect in the ∆PaMpk2 mutants. This suggests that the senescence factor does not spread through anastomoses that occur in the inner region of the culture. It was previously demonstrated that this factor amplifies solely at the growing edge in accordance with the present data (MARCOU 1961) . Lack of anastomoses also prevented direct testing of whether C is never produced in the ∆PaMpk2 mutants, is poorly amplified or whether only its effects are masked. Indeed, although cell fusion occurs in these mutants (likely by a mechanism different from typical anastomoses), their frequency was too small to perform contamination experiments as previously described (KICKA et al. 2006; KICKA and SILAR 2004; SILAR et al. 1999) . Importantly, constitutive activation of the PaMpk2 pathways does not result in a constitutive CG, but rather in a diminished ability to present CG, demonstrating that this pathway is not part of the regulatory loop triggering C. Moreover, growth renewal after incubation into the stationary phase of ∆PaMpk2 mutant mycelia never results in CG. Since stationary phase induction of C should be independent of the occurrence of anastomoses, this suggests that lack of CG in the ∆PaMpk2 mutants is not solely due to the inability for C to propagate from cell to cell, but rather corresponded to an innate inability of its formation or expression of its effects. We proposed a model in which the PaMpk1 pathway is selfpositively regulated (KICKA et al. 2006) . According to this model, C would be the active state of the cascade and spreading would be due to the trans-activation of non-active MAPK modules by active modules. We thus favour the first hypothesis of impairment of C formation, since in our model of a developmental epistasis, inactivation or constitutive activation of PaMpk2 should abolish C induction, because C is the active state of the PaMpk1 pathway. The effect of the constitutive PaMKK2 c mutants can be explained by the same model. These mutants may be less affected than ∆PaMpk2 permitting some function of PaMpk1 allowing anastomoses, a weak CG and residual sexual reproduction. Such a similar effect of excess and lack of activity of PaMpk2 on C is reminiscent of what has been observed for HSP104 in the control of yeast prions, for which too much or too little HSP104 inhibits propagation or maintenance (CHERNOFF et al. 1995) . These data confirm the complex genetic determinism of C formation that was previously uncovered through a forward genetic analysis (HAEDENS et al. 2005) . It remains to be studied whether the genes previously identified in the genetic analysis correspond to those encoding PaMpk2, PaMKK2 or PaTLK2 or if they correspond to additional new factors. and PaMpk2 is phosphorylated upon induction of germination (I).
Fig. 3
Amounts and phosphorylation of PaMpk1 and PaMpk2 were measured in the indicated strains in 3 day-old mycelia. Legend as in Fig. 2 . 
Fig. 5
Localization of PaMpk1-GFP in stationary phase hyphae of wild-type, ∆PaMpk2 and PaMKK2 c mutants. In WT, PaMpk1-GFP accumulates in 10 to 20% of the nuclei (arrows). In the ∆PaMpk2 and the PaMKK2 c mutants, PaMpk1-GFP never accumulates in nuclei (n>500 nuclei). In these strains, fluorescence of the hyphae carrying the PaMpk1-GFP transgene is similar to auto-fluorescence of hyphae with no transgene (control). Hyphae have an abnormal morphology in the ∆PaMpk2 mutant, since they look crooked and bulging. "GFP" are hyphae observed with a GFP-3035B filter from Semrock (Ex: 472nm/30, dichroïc: 495nm, Em: 520nm/35); "GFP" + DAPI are overlays of PaMpk1-GFP (in green) and DAPI-stained nuclei (in blue).
Fig. 6
Growing edge showing branching and outward growth of the wild-type and MAPK mutants. ∆1: ∆PaMpk1, ∆2: ∆PaMpk2, ∆3: ∆PaMpk3.
